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We have used a fully coupled chemistry-climate model (WACCM) to investigate the relative importance of the direct and indirect 
effects of 11a solar variations on stratospheric temperature and ozone. Although the model does not contain a quasi-biennial os-
cillation (QBO) and uses fixed sea surface temperature (SST), it is able to produce a second maximum solar response in tropical 
lower stratospheric (TLS) temperature and ozone of approximately 0.5 K and 3%, respectively. In the TLS, the solar spectral vari-
ations in the chemistry scheme play a more important role than solar spectral variations in the radiation scheme in generating 
temperature and ozone responses. The chemistry effect of solar variations causes significant changes in the Brewer-Dobson (BD) 
circulation resulting in ozone anomalies in the TLS. The model simulations also show a negative feedback in the upper strato-
sphere between the temperature and ozone responses. A wavelet analysis of the modeled ozone and temperature time series re-
veals that the maximum solar responses in ozone and temperature caused by both chemical and radiative effects occur at different 
altitudes in the upper stratosphere. The analysis also confirms that both the direct radiative and indirect ozone feedback effects are 
important in generating a solar response in the upper stratospheric temperatures, although the solar spectral variations in the 
chemistry scheme give the largest solar cycle power in the upper stratospheric temperature. 
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It is well known that solar variations are an important source 
of low frequency atmospheric variability and its signature 
exists not only in the stratosphere and ionosphere but also in 
the troposphere [1–4]. Although the total solar irradiance 
(TSI) varies by only ~0.1% during a solar cycle [5], nearly 
6% changes are observed in the ultraviolet (UV) region of 
the solar spectrum [6], which are enough to change the 
ozone and temperature in the stratosphere and influence the 
troposphere [7,8]. Using various satellite data sets, Soukha-
rev and Hood [9] showed a double-peak-structured solar 
response in stratospheric ozone (minimum response in the 
mid-stratosphere, see also Randel and Wu [10]). They ar-
gued that the upper stratospheric solar response is of pho-
tochemical origin whereas the lower stratospheric response 
is controlled by dynamics. Along with other studies, Randel 
et al. [11] and Frame and Gray [12] reported double-peak 
solar responses in stratospheric temperatures. However, 
Schmidt et al. [13] pointed out that the temperature response 
up to the mesopause is strongly influenced by changes in 
dynamics. Using series of simulations of coupled chemistry- 
climate models, Austin et al. [14] and Schmidt et al. [13] 
found that during the 11-year solar-cycle stratospheric ozone 
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and temperatures can vary up by to 2.5% and 0.8 K, respec-
tively. They argued that the QBO is not necessary to simu-
late the solar response in the TLS and SSTs may be in-
volved in the ozone solar responses. However, it is still un-
clear from these studies how and to what an extent SSTs 
and dynamical transport are aliased with solar responses in 
the TLS. On the other hand, Matthes et al. [15] showed the 
necessity of the QBO to simulate the TLS solar response 
through changes in stratospheric circulation. Kodera and 
Kuroda [16] suggested that upper stratospheric ozone changes 
alter the planetary wave propagation and they argued that 
there is less wave forcing during solar maxima and hence 
less ozone is transported from tropics to mid-high latitudes 
[17]. So, despite the recognized importance of climatic ef-
fects of solar variability, there are still many uncertainties in 
the detected solar responses in ozone, temperature and var-
ious other climate factors [3, and references therein]. And 
the largest source of uncertainty comes from the dynamical 
coupling between solar-induced changes and the atmos-
pheric chemistry. 
During the last few decades, various modeling studies 
have improved our understanding of solar-cycle-related 
variability on the Earth’s climate [7,18]. The common 
method to simulate the solar cycle is to include either 
changes in total solar irradiance (TSI) or changes in UV 
radiation to account for ozone changes through photochem-
istry. Recently developed chemistry-climate models (CCMs) 
can incorporate ozone feedbacks to solar variation [19] and 
some of these models can simulate the solar response in 
ozone and temperatures reasonably well [14]. Merkel et  
al. [20] found that the ozone response is caused by the 
photochemistry related to the UV variability and if the UV 
has a small magnitude of the variability then the ozone will 
has a small response. However, in these previous CCM 
studies, the relative contributions of direct solar heating 
changes and ozone photochemistry changes associated with 
solar variations in forcing atmospheric responses are un-
clear [21]. 
In this study we perform a series of CCM simulations to 
investigate atmospheric responses to the solar cycle. The 
solar variations are incorporated separately in the radiation 
scheme and chemistry scheme (resolved changes in solar 
spectrum), and the magnitude of the both changes is differ-
ent in different wave band. The QBO is not included in the 
simulations to exclude the interaction between solar varia-
tions and the QBO. Our main focus is to quantify the effect 
of ozone feedbacks to 11-year solar variations and we at-
tempt to distinguish the relative importance of spectral vari-
ations of the radiation scheme and spectral variations of the 
chemistry scheme in generating solar responses in strato-
spheric temperatures and ozone. The details of the model 
and numerical experiments are described in Section 2. The 
ozone and temperature feedbacks to solar cycle are dis-
cussed in Section 3. A summary and conclusions are given 
in Section 4. 
1  Model and numerical experiments  
We have used the Whole Atmosphere Community Climate 
Model (WACCM) which is a global climate model with 66 
vertical levels extending from the surface to 4.5×106 hPa 
(~160 km). WACCM incorporates a detailed chemistry 
module for the middle and upper atmosphere with a good 
performance in various aspects [22,23]. We conducted three 
simulations at a horizontal resolution of 4°×5° with interac-
tive chemistry. In control run (R0) the solar cycle changes 
are incorporated in both the radiation and the chemistry 
schemes. In run R1, the solar spectral variations are includ-
ed only in the model’s radiation scheme while in run R2, the 
solar spectral variations are included only in the model’s 
chemistry scheme. The TSI time series used in these simu-
lations is from Lean et al. [24] and is shown together with 
F10.7 cm solar flux (another proxy for solar variability) in 
Figure 1(a). The three simulations were run for 50 years 
from 1950 to 2000 with the first 15 years excluded to ac-
count for the model spin-up and including 3 complete solar 
cycles. The sea surface temperatures (SSTs) and sea ice fields 
used in the model are 12-month climatologies derived from 
Rayner et al. [25]. The concentrations of ozone-depleting 
substances (ODSs) and greenhouse gases (GHGs) are time 
varying and follow the IPCC scenario A1B [26]. 
Figure 1(b) shows the simulated tropical total column 
ozone (TCO) and 100 hPa temperature anomalies from con-
trol run R0 as well as the corresponding TCO anomalies 
derived from TOMS/SBUV merged data and ground-based 
measurements from World Ozone and Ultraviolet Radiation 
Data Centre. Overall, the simulated TCO anomalies capture 
long-term ozone decrease and slight increase in recent years 
(due to decreased halogen loading). Modeled TCO varia-
tions in the tropics are in phase with the solar variations, 
although the amplitude of the simulated TCO anomalies is 
smaller than the observed in the early 1990s. SPARC [23] 
stated that none of the 18 participating CCMs in the Chem-
istry-Climate Model Validation Activity (CCMVal-2) could 
simulate the changes of the stratospheric ozone correctly 
after large volcanic eruptions. So underestimation of the 
TCO in the early 1990s in Figure 1(b) is possibly due to the 
effects of the Mt. Pinatubo eruption and the volcanic aerosol 
are not well simulated in the model [23]. Figure 1(b) also 
indicates that the simulated tropical temperature anomalies 
at 100 hPa are well in phase with 11a solar cycle variations. 
2  Ozone and temperature feedbacks to solar 
variations 
Figure 2 shows latitude-height cross-sections of annual mean 
temperature and ozone differences in solar maximum years 
relative to solar minimum years from the three simulations. 
Control run R0 (solar variations in both radiation and chem-
istry schemes) shows a significant positive temperature  
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Figure 1  (a) The time series of the solar constant (black line) and F10.7 
flux (green line) from 1979–1999 used in the model simulations. (b) The 
model total column ozone anomalies (DU, black line), the 100 hPa temper-
ature anomalies (K, green line) and corresponding anomalies from satellite 
(red) and ground-based (blue) total column ozone measurements.  
response (~0.5 K) in the TLS, which is in agreement with 
Frame and Gray [12]. A positive ozone response in the TLS 
(Figure 2(b)) are also clearly visible. However, the model 
simulates very little ozone response in the upper strato-
sphere; the simulated solar response in ozone is similar to 
that of Schmidt et al. [13]. Note that the upper stratosphere 
solar responses of ozone and temperature have been widely 
debated in the literature. Using ozone profile data from sat-
ellite instruments (SAGE, SBUV, HALOE), some studies 
[9,10] have shown that a significant positive solar response 
exists in the tropical upper stratosphere. The modeling study 
by Egorova et al. [27] showed that the ozone response is 
positive throughout the tropical stratosphere but turns nega-
tive in the mesosphere. However, using HALOE satellite 
data from 1992 to 2005, Remsberg [28] found no significant 
solar response in tropical upper stratospheric ozone. 
Another interesting feature in Figure 2 is that the mod-
eled temperature response is less than that derived by Frame 
and Gray [12] from ERA-40 data, which may be caused by 
the fixed SST [29]. However, it is also important to re-
member that Dhomse et al. [30] and Randel et al. [11] noted 
inhomogeneities of temperature in the ERA-40 data which 
may introduce biases in detected temperature responses. On 
the other hand, a positive solar response in both temperature 
and ozone in the upper stratosphere may not be unrealistic. 
Dhomse et al. [31] showed that a 1K temperature increase 
in the upper stratosphere can lead to a 1% decrease in ozone 
in that region. In our simulations, we also find that the  
 
Figure 2  Latitude-height cross-sections of (a), (c), (e) annual mean temperature (K) and (b), (d), (f) ozone differences in % of solar maximum years rela-
tive to solar minimum years in (a), (b) control run R0, (c), (d) run R1, and (e), (f) run R2. The positive and negative contours are represented by solid and 
dotted lines, respectively. The contour interval for temperature is unequal and it is 1% for ozone. Shaded regions show where the differences are statistically 
significant at the 90% confidence level using Student’s t-test.  
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temperature and ozone anomalies are negatively correlated 
in the upper stratosphere above 1 hPa when only the data of 
northern winter months (December to February) are compo-
sited (not shown). Note that previous studies have shown 
that the effect of the solar forcing is most significant during 
northern hemisphere winter [32–34].  
The vertical structure of our modeled ozone response to 
solar variations in the tropical lower and middle strato-
sphere is overall similar to those detected in earlier studies 
using SBUV, SAGE, HALOE satellite data and numerical 
models [9,10,35,36]. The solar response in the TLS temper-
ature (Figure 2(a)) is in accordance with the ozone response 
with a 0.5 K temperature anomaly corresponding to a 3% 
ozone changes, and consistent with the result in the previous 
study that positive responses of the temperature are accom-
panied by positive ozone changes [37]. Note that the tropics 
to mid-latitude “double-lobed” structured ozone response 
reported in previous literature [35] is not captured by the 
model possibly because that the QBO variations are not 
included in our simulations.  
When solar spectral variations are only included in the 
model’s radiation scheme (run R1), the structures of tem-
perature and ozone responses in the tropical stratosphere 
(Figure 2(c), (d)) are quite different to that in the control run 
R0. In the TLS, the temperature response becomes weaker, 
changing from 0.5 K in control run R0 to 0.2 K. The centers 
of the temperature and the ozone maximum anomalies dis-
appear. This clearly shows that the TLS ozone and temper-
ature responses are not sensitive to direct radiative effect of 
the spectral variations in the radiation scheme. If solar spec-
tral variations are included only in the chemistry scheme 
(run R2), the ozone and temperature responses are nearly 
the same as the control run R0 (Figure 2(e), (f)). However, 
in the TLS, the temperature response becomes slightly 
weaker. Particularly noticeable is that the temperature re-
sponse changes from positive to negative in the upper strat-
osphere near 0.1 hPa. It is apparent that solar spectral varia-
tions in the chemistry scheme generate the maximum re-
sponse of the temperature and ozone in the TLS and the 
positive temperature responses are accompanied with posi-
tive ozone anomalies, consistent with the corresponding 
results in previous studies [18,37]. Without direct radiative 
heating changes due to the spectral variations in the radia-
tion scheme, the maximums and mid-stratospheric negative 
ozone response become smaller and statistically insignifi-
cant. Another interesting feature in Figure 2 is that in the 
tropical troposphere, negative ozone anomalies can be noted 
in all three runs. The composited OH differences in solar 
maximum years relative to solar minimum years from the 
three simulations indicate that more OH is generated in the 
troposphere during solar maximum years (not shown).  
Figure 2 shows that positive ozone anomalies are ac-
companied by positive temperature responses in the TLS. A 
questions arises here as whether the ozone changes in the 
TLS associated with radiatively forced temperature changes 
via temperature dependence of photolysis rates. Austin et al. 
[14] concluded from their analysis that the tropical upper 
stratospheric ozone anomalies are radiatively driven while 
those in the TLS are driven indirectly by changes in advec-
tion (tropical ascent driven by extratropical wave forcing). 
Gray et al. [38] similarly suggested that the TLS ozone re-
sponse is due to dynamical redistribution. However, it is 
unclear whether it is the direct radiative effect or the chem-
ical effect of solar variations that induces changes the BD 
circulation and hence resulting in ozone change in the TSL. 
To clarify this issue, Figure 3 shows the E-P flux and BD 
circulation differences between solar maximum years and 
solar minimum years in the three experiments. It is apparent 
that solar variations cause anomalous downward propaga-
tion of waves in the mid-latitude stratosphere (Figure 3(a)) 
and anomalous downwelling in the tropics (Figure 3(b)). 
The anomalous downweling in the tropics will cause ozone 
increases in the TLS due to less upward transport of ozone 
poor air from the upper troposphere into the TLS and the 
result here is consistent with that in Kodera and Kuroda [16]. 
When solar variations are only included in the model’s radi-
ation scheme, the anomalous upward propagation of waves 
can be seen in the mid-latitude stratosphere (Figure 3(c)) 
while in the tropics there is anomalous upwelling (Figure 
3(d)), suggesting that the direct radiative effect of solar var-
iations can not cause ozone increases in the TLS. When 
solar variations are only included in the model’s chemistry 
scheme, the changes in the EP flux and tropical upwelling 
are similar to those in control run R0 (Figure 3(e), (f)). Figure 
3 clearly shows that it is the chemistry effect of solar varia-
tions that causes the ozone anomalies in the TSL via modu-
lating the BD circulation.  
Figure 4 further compares the E-P flux and BD circula-
tion in solar maximum years and solar minimum years sep-
arately between runs R0 and R1. Relative to run R1 in 
which solar variations are only included in the model’s ra-
diation scheme, the upward propagation of wave activities 
in the mid and high latitude stratosphere and the tropical 
upwelling are significant depressed in control run R0 in 
solar maximum years (Figure 4(a), (b)), while in solar mini-
mum years reversed results can be clearly seen. The results 
here further conform that the chemical effect of solar varia-
tions causes ozone and temperature anomalies in the strato-
sphere and then results in changes in the BD circulation which 
are mainly responsible for the TLS maximum of both ozone 
and temperature anomalies associated with solar variations. 
To further investigate the robustness of the estimated solar 
response due to spectral variations in the radiation scheme 
and spectral variations in the chemistry scheme, we per-
formed a wavelet analysis on the simulated percentage ozone 
(subtracted and then divided by the climate mean of original 
time series) and temperature time series in the tropics aver-
aged between 25°N–25°S. Figure 5 shows the vertical dis-
tributions of scale-averaged mean wavelet power for 10–  
12 a periods for the three runs. From the temperature time  
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Figure 3  Latitude-height cross-sections of (a), (c), (e) E-P flux and (b), (d), (f) BD circulation differences in solar maximum years relative to solar mini-
mum years in (a), (b) control run R0, (c), (d) run R1, and (e), (f) run R2. The white and shaded regions in (a), (c) and (e) represent the divergence and con-
vergence of the E-P flux, respectively. The white and shaded regions in (b), (d) and (f) represent the downward and upward vertical velocity anomalies, 
respectively.  
 
Figure 4  Latitude-height cross-sections of (a), (c) E-P flux and (b), (d) BD circulation differences in R0 relative to R1 in (a), (b) solar maximum years, (c), 
(d) solar minimum years. The white and shaded regions in (a) and (c) represent the divergence and convergence of the E-P flux, respectively. The white and 
shaded regions in (b) and (d) represent the downward and upward vertical velocity anomalies, respectively.  
series, all three runs show a maximum solar cycle power in 
the upper stratosphere (between 1–0.1 hPa) and the second-
ary solar cycle power maxima in the TLS is also noticeable. 
However, some key differences between the three runs are 
evident. In the upper stratosphere, the estimated solar cycle 
power from control runs R0 is larger than that from the run 
R1 and smaller than that from the run R2. This highlights 
the negative feedback between upper stratospheric ozone 
and temperature that results in a smaller solar response in 
the upper stratospheric temperature. Solar spectral varia-
tions in the chemistry scheme alone (run R2) give the larg-
est solar cycle power in the upper stratospheric temperature. 
However, radiative heating through spectral variations in 
the radiation scheme also results in a significant solar cycle 
power. This implies that both the direct radiative effect and 
indirect ozone feedback effect of solar variations are im-
portant in generating solar response in the upper stratospheric 
temperatures. In the TLS both radiation and photochemistry  
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Figure 5  The scale-averaged mean wavelet power for periods from 10– 
12 years in modeled time series of tropical ozone (dashed line) and tem-
perature (solid line) in control run R0 (black line), run R1 (green line), and 
run R2 (red line). 
contribute positively to the temperature response. However, 
the contribution from run R1 (TSI-induced heating changes) 
is larger than run R2 (ozone production associated feed-
backs).  
In the upper stratosphere, similar features are observed in 
the ozone time series although the largest solar cycle power 
is observed at lower altitudes (near 5 hPa) than for temper-
atures. As expected, changes in ozone production in R2 due 
to solar spectrum variations in the chemistry scheme give 
larger power than in R1. The negative feedback between 
ozone and temperatures is also visible above 1 hPa where 
ozone time series show very little power. The most inter-
esting feature in ozone time series is the larger power in the 
TLS than in the upper stratosphere in all the runs. In the 
stratosphere the contribution of the solar response from 
spectral changes in the radiation scheme is smaller than that 
from spectral changes in chemistry scheme, but in the trop-
osphere the spectral variations in the radiation scheme play 
a more important role. It is worth noting that if wavelet 
analysis is performed on the original ozone time series ra-
ther than on percentage ozone time series, the power in the 
TLS is rather small while the power in middle stratosphere 
is rather large. Comparing the power distributions of ozone 
and temperature, we can see that the maximum solar signals 
in ozone and temperature are co-located with each other in 
the TLS, but in the upper stratosphere the maximum solar 
signal in temperature occurs at a much higher altitude than 
that in ozone. This suggests that in the upper stratosphere 
ozone-temperature feedbacks are not the main factor driving 
solar responses in them. 
3  Summary and conclusions 
Our CCM simulations show that a maximum response in 
temperature and ozone in the lower stratosphere can be 
simulated by the model even without the interactions be-
tween solar forcing and QBO or the interactions between 
the atmosphere and global ocean temperatures. The maxi-
mum temperature and ozone responses in the upper strato-
sphere are relatively weak and statistically insignificant in 
the model. This result may suggest that there exist some 
offsetting effects between the temperature and ozone re-
sponses in the upper stratosphere and this is also confirmed 
by the wavelet analysis of modeled temperature and ozone 
time series. However, uncertainties in the solar responses in 
the upper stratosphere detected from both observations and 
model simulations in previous studies prevent us from 
drawing a robust conclusion in this region and longer term 
observations are needed to clarify those uncertainties. 
The simulated temperature and ozone responses due to 
the combined effects of solar heating changes and ozone 
feedbacks to solar spectral changes in the chemistry scheme 
in the lower stratosphere were approximately 0.5 K and 3%, 
respectively. This temperature difference is slightly lower 
than that simulated by Gray et al. [38] who used a fixed 
dynamical heating model without interactive chemistry and 
also lower than in ERA-40 data. Our simulations suggest 
that solar spectral changes in chemistry scheme play a more 
important role than the spectral changes in radiation scheme 
in generating temperature responses in the lower strato-
sphere. The ozone feedbacks to solar spectral variations in 
chemistry scheme can generate maximum temperature re-
sponses of 0.4 and 0.8 K in the lower stratosphere and upper 
stratosphere, respectively. The analysis also reveals that it is 
the chemical effect of solar variations that gives rise to 
ozone and temperature anomalies in the stratosphere and 
then results in changes in the BD circulation, while the BD 
circulations changes are mainly responsible for the TLS 
maximum of both ozone and temperature anomalies associ-
ated with solar variations. 
Consistent with the solar signals detected from the com-
posite analysis, the wavelet analysis of simulated tempera-
ture and ozone time series shows a maximum solar cycle 
power in the upper stratosphere and a secondary solar cycle 
power maximum in the TLS. An interesting feature detected 
by the wavelet analysis is a negative feedback between up-
per stratospheric ozone and temperature responses. Also 
noticeable is that the maximum solar signal in ozone and 
temperature occur at different altitudes in the upper strato-
sphere; this result suggests that the temperature response in 
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the upper stratosphere is not solely a direct response of 
ozone changes. Finally, although the solar spectral varia-
tions in the chemistry scheme gives the largest solar cycle 
power in the upper stratospheric temperature, both the direct 
radiative and indirect ozone feedback effect are important in 
generating solar response in the upper stratospheric temper-
atures. 
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